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V. Breaking Tests under tt~drostatic .Pressure and 
Conditions o~ Rupture. By P. W. BRIDGMAN + 

tPlate ILl 

W ITHIN the last few years a number of papers t have 
appeared, either written by engineers or else of 

engineering interest, dealing with the conditions under 
which rupture is produced in the lnateri'lls o~ ordinary 
practice. The objects of these papers has been to find if 
possible some criterion by which rupture may be predicted, 
whatever the type of applied stress. The present state of 
opinion seems to be that for ductile materials the maximmn 
shearing stress plays the principal part, but that for brittle 
materials the maximum principal stress is the determining 
factor. At the same time it is pretty generally recognized 
that neither of these criteria is likely to be actually correct, 
but is at best only an approximation likely to give fidrly 
good results for the materials of ordinary engineering 
practice under ordinary practical systems of load. 

A general consideration of what may be the determining 
factors in producing rupture under so wide a variation in 
the nature of the applied stress that there is no immediate 
relation to the needs of engineering seems to have been 
neglected. Yet it is precisely such a consideration of the 
conditions o[ rupt, ure under as wide a range of the conditions 
as possible that is likely to lead to a true theory of rupture, 
and so to a better formulation of the conditions for the range 
of ordinary practice. 

In the course of a nmnber of experiments on very high 
hydrostatic pressures, the author has observed many c:lses 
of rupture which have a bearing on the present question. 
The pressures which it has been found possible to reach are 
considerab[y in excess of any hitherto produced in fluids, 

of elastic solids break down completely, and the entire 
subject had to be approached ~rom the beginning. During 
the two or three years of preliminary work spent in acquiring 
familiarity with the methods by which these pressures might 
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Proc. Roy. Soe. Edin. xxix. pp. 427-431 (1909) ; Smith, En~. lxxxvm. 
pp. 238-243 (1909); Scoble, Phys. Soc. Lond., Nov. 26,~1909; xxii. 
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be handled, many cases of rupture have been observed. 
Several of these appear to be of types not observed before, 
and they have special bearing on the present question. In 
this paper three of these types of' rupture will be described 
somewhat in detail, and a discussiou given of the bearing of 
these tests on theories of rupture. No attempt will be made 
to develop a new theory. All that it is desired to do is to 
point out that in consequence of these tests the true criterion 
of rupture must be a much more complicated affair than is 
ordimlrily supposed, and that considerations must be intro- 
duced which have been so far neglected, for these tests 
enable us to summarily dismiss all the conditions of rupture 
hitherto proposed 

The tests to be described in this paper fidl naturally it, to 
three types, and the conditions of rapture to which they 
have application are also three in number, there being one 
other generally recognized possibility besides the two 
mentioned in the first paragraph. Each of the three types 
of tests gives some evidence on the ~alidity of each of the 
three conditions oi' rupture, but it will be found that each of 
the three types of test has its most direct bearing on only 
one of the conditions. The argument of the paper is grouped 
about the three different types of test. The nature of the 
test is first described, then the hearing on the corresponding 
condition of rupture, and finally the incidental bearing on 
the other conditions of rupture. The argument is further- 
more somewhat complicated by the necr for keeping in 
mind the possibility of different criteria holding for brittle 
and ductile bodies. 

The three conditions of rupture to be considered are the 
condition of maximum principal stress, of maximum stress 
difference, and of maxinmm strain. The first demands that 
rupture oeen," when either principal stress exceeds .~ certain 
value, whether this stress is compressive or tensile. The 
second demands that failure occur when the greatest shearing 
stress, or what is the same thing the difference between the 
greatest and the least principal stress, exceeds a certain value. 
The third criterion demands that rupture occur if the exten- 
sion in any direction exceeds a critical value. 

Another question of much practical interest, and under 
ordinary conditions closely related to the question of rupture, 
is the question as to the conditions under which a material 
will receive a permanent set. The three criteria just 
enumerated are very often used interehangeably as either 
criteria of rnptnre or as criteria of set. 

The first criterion, as originally stated, evidently cannot 
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hold without modification, for it demands that a solid body 
when subjected to uniform hydrostatic pressure all over 
should break when the pressure rises too high. It is incon- 
ceivable in this case how the body can break, and the 
existence of the heavenly bodies with enormous internal 
pressures is conclusive proof to the contrary. It  is still 
possible, however, that this criterion should be valid as 
determining set, and that the body might show volmne set 
if the pressure exceeded a certain critical value. This is a 
question of some interest, and it might possibly seem 
reasonable at first sight to expect some such set. Kahlbaum * 
has published results on this subject showing the very 
surprising result that after the application of pressures up to 
10,000 atmos, the density of most metals is increased, due 
to closing up of small pores, but that beyond 10,000 the 
density is decreased. Although no systematic investigation 
otE this question has been made in the present work, several 
incidental determinations have been made up to 25,000 
or 30,000 atmos., and no trace of a change of density has 
ever been found except in those cases where the metal was 
obviously porous. There seems to be no question but that 
Kahlbaum's results were due to the fact that he used castor 
oil to transmit pressure. This freezes under a few thousand 
atmos., a fact that Kahlbaum overlooked, so that beyond 
this, his pressure was no longer hydrostatic. This is shown 
most strikingly by Kahlbaum's own statement that the test 
cubes were often curiously distorted after application of 
pressure. Kahlbaum saw in this support of his theory that 
all metals tend to become plastic or even fluid under high 
hydrostatic pressures. But it can be stated unqualifiedly 
from the present work that, on the contrary, substances tend 
to become more rigid under high pressures. The distortion 
of tim metal cubes found by Kahlbaum is to be explained by 
the fact that the effect of pressure in increasing rigidity is 
very different for different substances. I t  has been found 
in thepresent  work that under 20,000 atmos, paraffin wax 

may become more rigid than Bessemer steel. 
The first criterion is usually modified, therefore, so as to 

predict rupture when the tension alone, instead of either 
tension or compression, exceeds anywhere a critical value. 

The first type of' test has its most direct bearing on the 
maximum tensile stress criterion of rupture. In these tests 
cylinders were exposed to pressure over the curved surface 

Kahlbaum, Roth~ und Seidler, Z.S. Artery. Chem. pp. 29-30, 
254-294 (1902). 

Phil. May. S. 6. Vol. 24. No. 139. July 1912. F 
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only, the ends being left unsupported. Fig. 1 illustrates 
the manner of' applying pressure. The rod A, the subject 

Fig. 1. 

I ICI 
I'i: A I 

o. I I  

Apparatus for producing the "pinching-off" effect, that is, separation of 
the lon~tudinal fibres by the application of pressure to the curved 
surface of a cylinder. The specimen is shown at A, the fluid 
exerting the pressure by which rupture is produced is contained in 
the annular space at B. 

of the test, passes completely through the cylinder B, 
projecting at either end through the packing rings C. The 
cylinder is connected to the pressure-pmnp through the 
indicated connexions and stress applied to the test specimen 
by the pressure of the fluid in the annular space between the 
specimen A and the interior wail of the cylinder. The 
specimen fails by separation of the particles across some 
plane perpendicular to the axis, the two disconnected ends 
of the specimen being expelh~d w!:h violence through the 
packing rings. The fracture doe~ not take place at the 
packing rings as might be expected, but, whether for brittle 
or ductile materials, takes place at some point well between 
the rings. The nature of the process of rupture is evidently 
merely that of squeezing the rod out sidewise. This type of 
rupture may therefore be referred to as the " pinching-off- 
effect." There is no longitudinal stress except that due to 
the friction of the packing, and this a stress of compression 
rather than one of tension, so that here we actually have the 
fibres separating against, the direction of stress. 

The nature of the fracture varies with the material. In 
the case of a ro:l of mild steel, the rupture looks very much 
like that of an ordinary tensile break, except that the 
necking down is likely to be a little more abrupt. PI. lI.  
fig. 2 shows a photograph of one such specimen. Other 
soft materials such as copper or brass show the same manner 
of rupture. Harder materials, such as hardened chrome- 
nickel steel or vanadium steel, show irregular fracture, a 
combination of necking down and of slip on shear planes at 
approximately 45 ~ to the axis. Glass-hard tool-steel, on the 
other hand, shows a clean break at right angles to the axis 
without necking down. In the same way it is possible to 
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break glass rod or heavy glass tubing. The fracture is 
beautifully clean, exactly at right angles to the axis. 

In the cases of the ductile materials, the test is complicated 
somewhat by the fact that after the necking down has once 
begun there is a tensile stress tending to pull the bar apart. 
But this tensile stress cannot account for the beginning of 
the necking down, so that the tensile stress present during 
the actual rupture is only an incident due to the particular 
form of experiment, and is not at all the true cause of the 
rupture. Evidently there is no such complication in the 
case of the brittle materials which break with no necking 
down. 

This first type of test disposes of the maximum stress 
criterion, therefore, as applied to either ductile or brittle 
materials. It  shows a fortiori, therefore, that this criterion 
cannot be applied to brittle materials in contradistinction to 
ductile materials, as proposed by Scoblo ~ 

Furthermore, the yield or set point and the rupture point 
practically coincide. No cases have ever been observed of a 
bar receiving sot under this type of stress without rupture. 
The maximum stress criterion is applicable, then, neither to 
rupture nor to set. 

Incidentally this test disposts also of the maximum stress 
difference hypothesis, although more direct evidence is 
afforded by another type of test. The principal stresses for 
this first type of test consist of a compression equal to the 
hydrostatic pressure on all planes including the axis, and a 
small compressive stress due to the friction on the plane 
normal to the axis. The maximum stress difference is equal 
to the hydrostatic pressure decreased slightly by the amount 
of the friction. In the similar case of a bar ruptured by 
tension, the maximum stress difference is equal to the tension. 
I f  the maximum stress difference theory holds, therefore, 
the "pinching-off-effect" should be produced by a hydro- 
static pressure equal to the tensile strength in pounds 
per square inch. As a matter of fact, the stress to produce 
rupture always exceeded this by 25 or 50 per cent., except 
for the glass, when the condition was more Iiearly fulfilled. 

Rupture of the first type has been encountered repeatedly 
in all this high-pressure work. I t  is the greatest hindrance 
to making connexions of any sort from the outside with the 
interior of a high-pressure cylinder, particularly when con- 
necting one cylinder to another by tubing, or leading 
electrically insulated electrodes into the interior of the 
cylinder. Possible rupture of this sort has been the greatest 

" 8eoble, Phil. Mug. xix. pp 908-916 (1910). 
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element of danger in this work. On one occasion a specimen 
5/16 in. diameter and 3 in. long penetrated 5 inches of wood 
driven by a pressure of only 6000 atmos. This effect might 
very probably produce serious consequences for one designing 
apparatus for the highest pressures without previous ex- 
perience at lower pressures. The effect is insidious because 
of the unexpected ways in which it may appear. 

The second type of test is very similar to the first in the 
manner in which stress is applied, but diametrically opposite 
in its effects. The material fbr these tests is in the shape of 
a hollow cylinder, closed at the ends, and subjected to 
hydrostatic pressure over the entire external surface, on the 
ends as well as on the curved part of the surface. The 
tendency of the stress, as is well known, is to collapse the 
cylinder if the walls are comparatively thin. Such tests 
are familiar to engineers ; the tube folds in on itself in two, 
three, four, or more creases, depending on the dimensions of 
the tube originally and on the very slight departure from 
perfect geometrical symmetry. That there is collapse at all 
must evidently be due to some slight geometric imperfection. 
If  the tube is made heavier, however, so that geometric 
irregularities have less effect, the tube does not show collapse 
by folding under pressure, but shows behaviour of a different 
sort, depending on the material. Tests of this sort do not 
seem to have been made hitherto, or at least are not well 
known, probably because the pressure required to produce 
the effect is fairly high. 

If  the material of the cylinder is a ductile metal like mild 
steel or copper, the effect of the pressure is to close up the 
hole uniformly, the cylinder retaining its geometric figure. 
Rupture is never produced in a test of this kind, the hole 
eventually dosing up perfectly tight if the pressure is pushed 
far enough. This is perhaps as one would expect; the 
interesting feature of this method of testing is the enormous 
raising of the elastic limit that it is possible to produce, and 
the unusual stress-strain relation below the yield point. At 
one time tests were made simultaneously on seven such 
hollow steel cylinders. The upper ends of these cylinders 
were led out of the pressure chamber and connected to 
graduated glass capillaries. The interior of the cylinders 
was filled with mercury, so that by observing the rise of 
mercury in the capillary it was possible to follow the change 
of internal volume with pressure. No change of length 
accompanies the closing of the hole, so that the rise of 
mercury in the capillary gives directly the change of internal 
volume with pressure. Fig. 3 shows a typical diagram of 
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Shows the relation between internal volume and pressure of a cylinder 
strained beyond the elastic limit by the application of pressure over 
the entire external surface. 
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the test for one cylinder. Pressure was successively applied 
and removed, each maximum being greater than the pre- 
ceding maximum. The diagram shows distinctly the location 
of the yield-point, and shows also that with every application 
of pressure the new yield-point is not reached until the 
previous maximum has been passed. This of course is only 
a verification of common experience as to the possibility of 
hardening by overstrain. But former experiments on 
hardening by overstrain have usually been with tensile or 
compressive or torsion tests, where the possible raising of 
the yield-point is restricted in amount, a rise of 50 per cent. 
being large. Here, in these collapsing tests, the possible 
raising of the yield-point seems to have no limit except that 
set by the complete closing up of the hole. In the diagram 
shown above the yield-point has been raised about six-fold ; 
in similar tests with copper, where the complete process 
has been followed to complete closing of the hole, the yield- 
point has been raised ten-fold, from 1000 to 10,000 atmos. 
This was unexpected ; one might llaturally expect a raising 
of the yield-point to two or three times the original value, 
but after this the metal might be expected to flow uniformly 
towards the centre like any viscous fluid. 

The experiments with copper also showed the manner in 
which the yield-point is connected with flow. The maximum 
pressure reached in any cycle, plotted against the internal 
diameter, gave a nearly straight line extending from the 
original diameter at zero pressure to zero diameter at 10,000 
atmos. That is, for equal increments of the yield-point, the 
diameter decreases by equal amounts. One might expect 
perhaps that the diameter would tend to decrease more 
rapidly at the higher pressures. The material of the 
cylinders after these tests remained perfectly homogeneous, 
without fault of any kind. Microscopic analysis has failed 
to reveal anything of interest except a slight elongation of 
the grains in the direction of flow. 

The diagram shows interestingly one other variation in 
the normal behaviour of metal under high pressure, which 
is mentioned because of its intrinsic interest, although the 
bearing on theories of rupture is not so immediate. This is 
the unusually large hysteresis which goes with the raising 
of the yield-point. The mere existence of hysteresis as an 
effect apart from Elastlsche Nachwirknng has even 
been questioned by some. A diagram like the present 
shows unmistakably the possibility of this effect entirely 
apart from any elastic-after-effects. I t  also suggests that 
the hysteresis may in some way be connected with an 
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unstable configuration of the molecules set up in the metal 
by the overstrain. In the case of ordinary metals, where 
hysteresis appears before the yield-point of the metal as a 
whole has been reached, hysteresis is probably connected 
with local yield in the neighbourhood of the larger or more 
unstable crystalline complexes of the metal. 

The application of all this to theories of rupture is 
immediate. It suggests, in the first place, that there is no 
necessary connexion between the yield-point and the rupture- 
point. Engineers, after some discussion, seem to have 
accepted the yield-point as the best criterion of rupture. 
The reason seems to be that the yield-point and the rupture- 
point are fairly close together, the yield-point is pretty 
definitely located, and it is possible to calculate the relation 
between stress and strain up to the yield-point and so to 
find a criterion at least for yield, if any exists ; whereas it 
is well known that the usual relations between stress and 
strain break down in the region of viscous flow between the 
yield-and the rupture-points. Here, in these tests, there 
is a yield-point but no rupture-point at all, so that certainly, 
even if a criterion were found for yield, it could not be 
extended to rupture. 

These tests further show that the maximum stress dif- 
ference criterion of yield is no more valid than the maximum 
stress difference criterion of rupture. For if the distribution 
of stress in the cylinder be calculated on the maximum 
stress difference hypothesis, it will be found that the hole in 
the cylinder will never close up under any pressure, no 
matter how large. The mathematical solution of this 
problem is given in another paper in which this whole 
question of the collapsing of cylinders is taken up much 
more in detail*. The solution assumes that the maximum 
stress difference condition holds throughout the entire 
extended process of yield. T~ account for the observed 
complete closing of the hole it ~.s nece.~a"y that the greatest 
stress difference ~hich the met~,l can support become less in 
the last stages of yield. To inquire whether the initial yield 
always occurs at a definite stress difference would be of little 
avail, for it is well known, that even for the ordinary tests of 
engineering the material must first be put into a state of 
ease by subjecting it to considerable stress. If it is not so 
subjected to preliminary stress, it may show yield or 
departure from Hooke's law at values of the stress very 
much lower than normal. But in tests of this type there is 
no natural limit to the stress which shall be used to put the 

* Phys. Review, xxxiv, pp. 1-24 (1912). 
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cylinder in a state of ease, and since the diagram shows 
plainly that the beginning of yield is not sharply defined~ 
there is here no possibility of a natural initial yield-point to 
which a criterion might be applied. 

So far this collapsing test has been discussed only in its 
application to ductile materials like copper or steel. The 
behaviour of a brittle material like glass under the same 
conditions is strikingly different. Cylinders of glass made 
of heavy capillary tubing sealed at both ends, and hollow 
spheres with thick walls, have been subjected to hydrostatic 
pressure up to 2~,000 atmos. No permanent measurable 
change is produced, there being neither crushing nor 
alteration in the dimensions of measurable amount. I t  
should be said, however, that there must be some slight 
amount of flow and of interior adjustment to the pressure, 
although too small to measure, because several of the glass 
cylinders have broken spontaneously several weeks or even 
months after the release of pressure. Others have been 
kept without fracture for a couple of years. One would 
expect that under the conditions of this test the glass 
would be crushed. This is the case if the cylinder has not 
been carefully annealed or if it is geometrically imperfect ; 
the material may then be reduced to an almost im- 
palpable powder. This complete destruction of the minutest 
fragments of the glass appt~rently is because the wave of 
expansion, travelling through the mass after the break has 
started, at any point is of such intensity that every minute 
portion is reduced to powder by its own inertia. 

For a brittle substance like glass which shows no flow we 
may calculate the distribution of stress by the ordinary 
theory of elasticity. I t  is thus found that the maximmn 
stress difference will occur at the inner sm'face of the 
cylinder~ and for a thick cylinder will be equal in amount to 
the external hydrostatic pressure. We have ah'eady seen 
that if the maximum stress difference criterion were valid, 
the greatest stress difference that the material could support 
would be equal to its tensile strength. Therefore since the 
tensile strength of glass is seldom as high as 7000 lbs/in 2, 
we should have had crushing under the conditions of the 
test at a hydrostatic pressure no higher than 7000 lbs/in ~, if 
the maximum stress difference theory were valid for brittle 
substances. But fifty times this value has been reached 
without rupture. 

The result of this experiment with the glass seems even 
more unexpected than that with the ductile materials. 
With the metals we have at least the rearrangement of the 
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grains produced by the flow as a basis for the raising of 
the elastic limit, but in a perfectly amorphous substance like 
glass, which shows no alteration of shape, we have evidence 
of no such internal change to account for the increase in 
strength. The experiment suggests a difference between the 
mechanism of yield and the mechanism of rupture. One 
can perhaps see why rupture should not occur in the ease of 
the glass cylinders, since there is no place for the fragments 
t~o go to in the case of rupture, no way for the rupture to get 
started. But the same considerations wauld seem to show 
also no possibility of yield towards the centre. Yet yield 
toward the centre does get started and rupture toward the 
centre does not get started ; there must be some essential 
difference between the two. 

These collapsing experiments also dispose of one other 
criterion of yield or rupture, better treated by the third type 
of test. This is the third criterion mentioned above, namely 
that rupture or yield will occur when the extension in any 
direction exceeds a critical value. I f  the strain is calculated 
in a cylinder exposed to hydrostatic pressure over the 
outside, the radial strain is found to be an extension at the 
inner surface. In the case of the ductile materials which 
flow toward the centre, this radial extension increases 
enormously with increasing flow, always without rupture or 
separation of the fibres in the direction of elongation. And 
in  the case of glass under 24,000 atmos, where there is 
neither rupture nor flow, the elongation at the centre is 
greatly in excess of the elongation at rupture in an ordinary 
tensile test, and therefore in excess of the supposed critical 
elongation. 

The third type of test is concerned with the rupture of 
heavy cylinders by internal pressure. The ordinary theory 
of the bursting or yield of cylinders under internal pressure 
is well known. At the inner surface the stress is a pressure 
on planes at right angles to the radius, and a tension on 
planes including the axis and radius ; the corresponding 
strain is a circumferential elongation and a radial com- 
pression. At the inner surface the stress difference, the 
principal stress, the principal strain, and the strain difference 
all have their maximum values. On any theory of rupture, 
then, rupture would be expected to start at the inner surface. 
The precise value of the theoretical bursting pressure 
depends on the criterion accepted for rupture. If  the 
principal stress criterion is accepted, rupture will occur 
when the hydrostatic pressure is equal to the tensile 
strength; if the maximum elongation is accepted,~rupture 
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will occur for a material like Bessemer steel at an internal 
pressure about 4/5 of the tensile strength. 

The fact is, however, that for the ordinary materials of 
engineering practice rupture begins at the outside and runs 
in towards the centre. This rupture may take place either 
by tearing apart of the metal in an axial plane, or else by 
slip on a shear plane, the fracture in this latter event 
running in toward the centre approximately as an equi- 
angular spiral. 

Most of these bursting tests were made on drawn bars, 
which were pierced with the hole first and then turned off 
slightly on the outside so as to be concentric with the hole. 
Of course the most obvious sugges~on with regard to this 
rupture from the outside is that there were flaws in the 
outer skin of the drawn bar penetrating more or less deeply 
into the interior, and that the rupture started from one of 
these flaws. In order to prove definitely that this is not the 
case, the following test was made. A bar of Bessemer steel, 
4~ in. diameter, was turned down to 4 in. so as to remove the 
outer layer. From this 4 in. bar a number of rings, 4 in. in 
diameter and 1/8 in. square in section, were turned at regular 
axial intervals of about 1 in. From the bar left after cutting 
off the rings, a cylinder for testing was made in the usual 
manner about 3~ in. o. d. and �89 in. i. d. and 8 in. long. From 
the other end of the same bar a simih~r set of rings and asimilar 
cylinder were turned, only smaller, the cylinder being 2 in. 
o.d. and �89 in. i.d. The rings were then tested to rupture 
on an expanding mandrel. No trace of flaw in the steel 
was found; the rings expanded between 10 and 15 per 
cent. before rupture, and the location of the fracture was 
haphazard, showing no longitudinal vein of special weakness 
in the steel. The cylinders were then tested to rupture in 
the usual manner. For this purpose, where the cylinders 
are made of very ductile material, it was found convenient 
to fill the cylinders with lead instead of with a true liquid, 
since it is easier to keep the lead from leaking after the 
cylinder has begun to stretch. The lead transmits these 
high pressures nearly hydrostatically. Pressure was pro- 
duced by a hardened steel piston forced against the lead by 
the ram of an hydraulic press. A cup-shaped washer of 
Bessemer steel prevented the lead from leaking past the 
piston. Because of the very great stretching it was 
necessary to make several strokes of the piston before 
rupture was produced. 

The results of these two tests with the two cylinders 
mentioned above are shown in the photographs. The larger 
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cylinder, P1. II .  fig. 4, broke by separation of the fibres along 
an axial plane. Break occurred suddenly with explosive 
report, so that it was not possible to ascertain whether 
rupture really started from the outside or not. But with 
the smaller cylinder, figs. 5 and 6, break started more 
gradually, and it was possible to watch tile whole proceeding. 
In fact, two strokes of the piston were necessary to enlarge 
the crack to the condition shown in the figure after the first 
beginnings of the fissure appeared at the outer surface. 
The fissure appeared first a-s-a small longitudinal crack, 
which extended itself axially, the central portion gaping 
wider and ~ider as the metal on one side protruded by 
slipping out along a shear plane. 

These two experiments showed that the rupture, which 
apparently begins at the outside, is not produced there by 
flaws in the steel. There might still be some question as to 
whether the rupture really did begin at the outside, since of 
course it is conceivable that the slip had begun at the inside 
and travelled to the outside, there first becoming noticeable. 
That the rupture actually does begin at the outside was shown 
by other experiments on nickel-steel and on copper cylinders. 
The nickel-steel cylinders do not stretch so much before 
rupture as the Bessemer cylinders, so that it was possible to 
produce rupture of these cylinders with a true liquid trans- 
mitting pressure. That the. rupture really begins at the 
outside was shown by the appearance of the crack on the 
outside and its gradual growth, just as above, without any 
liquid leaking through from the inside, as of course it would 
have done under the high pressure, 30,000 atmos, if there 
had been the slightest crack reaching from the centre out. 
The copper cylinder showed the same thing. Here it was 
possible by a special arrangement of shrunk-on steel rings to 
make the necessary connexions and produce rupture with a 
fluid. Rupture again appeared at the outside first, and 
spread toward the centre along a shear plane, leak not 
finally occurring until the crack had opened to the dimensions 
shown in the photograph, fig. 7 (F1. II.). 

One feature common to all these tests, whether the rupture 
through the mass of the metal takes the form of a tearingof 
the fibres or a shear, is that at the inner surface the break is 
always along a shear plane for a short distance. If  the 
rupture from the outside is by tear, at the inside there are 
almost invariably two shear planes, running down into the 
tear. The result is that a sliver of metal in the form of a 
triangular prism is expelled through the crack. This sliver 
has been caught on several occasions in a block of lead. It  
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is difficult to see how this shear along two planes could get 
started if the crack originally started from the inside. 
Evidently the crack runs in fi'om the outside until so dose 
to the centre that the prism slips into the crack, driven by 
the high internal pressure. This universal manner o f  
rupture affords additional evidence, in those cases where the 
rupture occurs so suddenly that it cannot be observed, that 
the crack starts from the outside. 

The particular bearing of this third type of test on the 
theories of the condition~ of rupture is in showing that the 
maximum extension criterion does not hold, although of 
course all the other criteria are also ruled out, if the stress- 
strain relation is calculated up to the rupture-point by the 
ordinary theory, because every one of the supposed critical 
quantities has its maximum value at the inner surface. But 
the striking feature of all the tests is the enormous stretching 
of the inner surface without rupture. The Bessemer-steel 
cylinders of Pl. II. figs. 4 and 5 show a circumferential 
elongation at the inner surface of 175 and 125 per cent. 
respectively. The tool steel cylinder of fig. 8 has an interior 
elongation of 120 per cent. The copper cylinder of fig. 7 
shows an interior elongation of 300 per cent. and the lead 
cylinder of fig. 9 several thousand per cent. There does not 
seem to be any connexion between the value of the elongation 
at the exterior surface, where rupture actually does occur, 
and the elongation under pure tensile tests at rupture. We 
may have values either greater or less than the tensile 
elongation. The nickel steel cylinders, those of specially 
toughened steels, the copper cylinders, and the 3 in. Bessemer 
cylinder all showed a circumferential elongation at rupture 
very much less than the elongation at rupture under pure 
tension. The 2 in. Bessemer cylinder showed an elongation 
almost exactly equal to that showed by the rings cut from 
the same piece, while a drawn tube of annealed steel has 
shown an elongation of 100 per cent. at the outside, and the 
lead cylinder shows 300 per cent. The tensile value for 
the steel is about 20 per cent., and for the lead 25 per cent. 

Tests on brittle materials like glass also show that the 
maximum elongation criterion is not fulfilled. Of course, 
in the case of a brittle material like glass, rupture comes so 
suddenly and is so complete when it does come that it is 
impossible to tell by any examination of the fragments 
whether rupture began at the inside or the outside. But  
the maximum value of the stress which the glass is capable 
of standing before rupture is considerably in excess of the 
theoretical limit. On no theory ought the glass to be able 
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to stand more pressure on the inside than the tensile test 
limit, even if the walls of the cylinder are of infinite thick- 
ness compared with the bore. O~m can in cases like this, 
where there is no yield up to the rupture-point, safely apply 
the theory of elasticity in calculating the strain up to the 
rupture-point. This means that no glass capillary ought to 
be able to stand more than 500 atmos. Capillaries have 
been found, however, which have successfully withstood 
1000 atmos. The question of annealing is of great im- 
portance here. Probably with more carefnl annealing it 
would be possible to exceed this limit. In any event, the 
circumferential extension, even when the pressure is only 
1000 atmos., must be nearly twice the critical value under 
rupture in tension. 

The manner of rupture described here, beginning at the 
outside first, is not universal for all materials, but probably 
holds only for those materials showing considerable plasticity, 
There can be little doubt but that the rupture of glass cylinders 
does begin at the inside, and one case in another substance 
has been actually observed in which the rupture did travel 
from the centre to the outside. A cylinder of transparent 
gelatine, about 1 in. o. d. and cast with a concentric hole ~g in. 
diameter, was ruptured by blowing into it. The rupture 
took place exactly as the theory predicts ; it started at the 
inner surface as a tear across an axial plane, and travelled 
out slowly toward the outside as the interior was more and 
more distended by blowing. 

It  is worth while examining these bursting tests a little 
further, for in this case we can make plausible to ourselves 
why rupture does not occur at the inside, and so gain an 
inkling of a much more general criterion than any of those 
hitherto proposed which must always be satisfied when 
rupture occurs. If  we consider the state of stress at the 
inside surface we shall find that initially as long as the 
equations of elasticity hold, the stress consists of a pressure 
across planes perpendicular to the radius, and a circum- 
ferential tension which is greater than the pressure. When 
the internal pressure becomes too great, however, the inner 
layers yield plastically, the hole taking a set. During this 
plastic yield the metal must be thought of as behaving like 
an imperfect viscous liquid, tending to transmit pressure 
hydrostatically in every direction. In consequence of the 
tendency to equality of stress in every direction, the initial 
circumferential tension becomes a circumferential com- 
pression. The mean stress, therefore, at any point of the 
interior surface becomes a compression after the plastic 
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yield begins, whereas before yield the mean stress was a 
tension, because the circumferential tension was greater 
than the radial compression. The strain, then, after yield, 
consists of a volume compression at the inner surface, 
whereas before yield there was a volume extension. Con- 
sider now what would happen at the inner surface if rupture 
were to get started there. We are to think of the general 
action of rupture as one relieving the sLresses at any point, 
for otherwise the rupture would have no excuse for existence. 
Before plastic yield, then, rupture at the inner surface would 
result in release of the volume distension, that is, the volume 
of the steel would become less. As a result, the compressing 
liquid would have room to become greater in volume, and 
the pressure would automatically fall. But if the rupture 
were to start after the plastic yield, that is after volume 
compression had taken place at the interior surface, release 
of the pressure would result only in increase of volume of 
the steel, the compressing liquid would lose volume, and the 
pressure would as a result be increased instead of decreased. 
In this case, rupture, instead of affbrding relief from the 
existing state of affairs, wouhl only intensify them. That is, 
rupture would be an explosive affair, during which work 
was done against the applied forces instead of by them. 
This is opposed to all experience. This simply means, then, 
that even if rupture on a small scale should start at the 
into,'ior surface during the state of plastic yield, it would be 
unable to spread. If  rupture is to start at the centre and 
travel out it must start before the stage of plastic yield is 
reached. 

The photograph of the 4 in. Bessemer-steel cylinder, fig. 4, 
shows this most strikingly. The interior surface is covered 
with nmnerous slip bands, some of them very prominent. 
wbere the rupture had started but was un'ible to spread, 
The pressure on the plastic metal at the inner surface has 
been so high that a process similar to cold-welding has gone 
on. The crystalline grains were probably torn apart so as to 
slip past each other, but the pressure was great enough so 
that the separation was never beyond the range of molecular 
attraction, and true rupture did not occur. The copper 
cylinder also shows the same slip bands at the interior 
surface. 

Another interesting question in this connexion is that of 
the greatest possible raising of the elastic limit by permanent 
stretching. It  is easy to see that the stress distribution in 
such a cylinder after the yield-point has been passed and the 
pressure released is exactly like that in a gun with shrunk-on 
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hoops. One might expect, then, to be able to reach a 
pressure aboat twice that of the yield-point under pure 
tension, but as a matter of fact it is possible to exceed this, 
because of the hardening of the metal by over strain. Thus 
a copper cylinder, originally Is in. i. d. and 3 in. o. d. has been 
subjected to 10,000 atmos, without tile yield extending 
throughout the entire mass. The inner hole has been 
stretched about 50 per cent. by this pressure. Pressures of 
30,000 atmos, have been reached in cylinders of soft nickel 
steel or of tool steel, and of 40,000 in a cylinder of hardened 
nickel-steel. But the hardening process by over load is not 
nearly so complete or thorough as it is for cylinders collapsed 
by external pressure. The yield under high pressures con- 
tinues for a very nmch longer period of time, and the raising 
of the elastic limit after complete disappearance of set is not 
permanent. After a period of rest, yield is likely to begin 
again at a pressure lower than the former maximum. Thus 
a cylinder of soft nickel-steel, originally 8 in. o. d. and ~ in. 
i. d., had had the elastic limit apparently raised to 28,000 
atmos, by repeated applications of pressure which stretched 
the inner hole from ~ in. to iI  s in. But now, after several 
years of use, it is unsafe to subject this same cyiinder to 
more than 15,000 atmos. The initial yield-point of the 
cylinder was about 8000 atmos. 

Su~'tmar,~l. 

In this paper the results of three types of tests with high 
hydrostatic pressures h:lve been described in their bearing 
on theories of rupture. The tests of cylinders under pressure 
on the curved surface only (" the pinching-off-effect") show 
that the maximum principal stress criterion is not valid. 
The tests of hollow cylinders under external pressm-e show 
that neither the maximum shear stress nor the maximum 
shear strain criterion is valid, while the tests on the bursting 
of heavy cylinders under internal pressure show that the 
maximum elongation criterion is not valid. These conclusions 
apply to both brittle and to ductile materials. The tests do 
suggest that there may be some essential difference between 
u ductile and a brittle material (more generally between a 
crystalline and an amorphous one), but show that the 
distinctions proposed hitherto cannot hold. It is suggested 
that in every case there must be some more general condition 
satisfied than those usually considered. There is not enough 
materi~d at hand to enable a formulation of the condition to 
be made, but the considerations with regard to the bursting 
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of cylinders under internal pressure point out what the 
general nature of the conditions must be. Any entirely 
general criterion of rupture must demand, among other 
things, that there be a free space to contain the fragments 
when rupture occurs, and must also demand that the nature 
o[ the rupture be such as to relieve the applied stresses. 

The Jefferson Physical Laboratory, 
Harvard University~ 

Cambridge, Mass., U.S.A. 

VI. The Earth's Magnetic Field *. By W. F. G. SwArrs, 
D.Sc., A.R.C.S. ,  Assistant Lecturer in Physics at tlte 
University of Sheffield t. 

n LARGE amount of work relating to the earth's mag- 
netic field has been done by Prof. Schuster, who by a 

critical analysis of its tbrm has deduced several important facts 
with regard"to its cause and variations. The present paper, 
while not definitely formulating a theory to account for the 
field~ comprises a discussion as to the possibility of its expla- 
nation, as a phenomenon arising out of the rotation of the 
earth. In order not to encumber the paper with mathe- 
matical analysis, such work whenever possible has been 
relegated to an appendix, the results of the analysis only 
being quoted in the paper. 

The first idea that suggests itself is that of the rotation of 
a surface charge, but the horizontal magnetic field at the 
equator of a sphere of radius a, rotating with angular velocity 
a~, and charged to a potential V is (see appendix, Problem 1) 
V~ 
--~-, a result depending only on the angular velocity, and 

independent of the size of the sphere, for a giveu potenti~d. 
A more hopeful basis is to be found in the view, that each 

volume element of the earth contributes a portion to the 
field, as a result of its rotation. In this case, the fact that 
the volume of the earth depends on the cube of its linear 
dimensions insures that a very small contribution by each 
cubic contimetre of matter shall give rise to an appreciable 
effect on the earth's surface, in spite of a possible variation 

* While the present paper was being written a note came into my 
hands of a presidential address recently given by Professor Schuster 
before the Physical Society of London~ and jadging from that note~ it is 
possible that the grounds covered in the address and in the present 
paper may to some extent overlap. 

t Communicated by the Author. 
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~'IG. 2. 

Photograph of a "pinched-off" specLmen, ruptured 
in the apparatus of Fig. I. 

FIG. 4. 

FIG, 5. 

Cross section of a cylinder of Bessemer steel 
ruptured by the application of internal pressure. 
This cylinder was originally '2 in. outside and 
} in. inside diameter. The ~nner hole has been 
stretched to ]s a in. 

FIG. 6. 

FIG. 7. 

Cross section of a copper cylinder burst by the 
application of internal pressure. The inner hole 
has been stnetched from ~ in. to ~ in. 

Fro. 8. 

FIG. 9. 

Longitudinal section of a cylinder of lead burst by 
the application of internal pressure. 'Fhe 
elongation at the outside at -the locality of 
rupture is over 300 per cent. 

One of the halves of a cylinder of Bessemer steel 
(originally 4 in. in external diameter) ruptured 
by the application of internal pressure. The 
inner hole has stretched from { in. to 1~ in. 

View of the outside of the cylinder of Fig. 5 
taken before the section was made. One of the halves of a cylinder of tool steel split by the 

application of internal pressure, The tuner hole 
has stretched from �89 in. to 1} in. The maximum 
pressure withstood by this cylinder was 30,000 
atmos, 


